Introduction {#s1}
============

Numerous biodiversity experiments suggest that, all else being equal, plant communities are more productive when they contain higher numbers of species [@pone.0075599-Cardinale1]. Commonly, these studies analysed differences in the performance between high- and low-diversity plant communities and in some experiments these differences were observed over several years [@pone.0075599-Fargione1], [@pone.0075599-Spehn1], [@pone.0075599-Tilman1], [@pone.0075599-VanRuijven1], [@pone.0075599-Allan1], [@pone.0075599-Reich1]. Monocultures usually provide the baseline for such studies but they have not yet been the focus of interest. However, being the reference for comparisons and analytical tools in the context of biodiversity--productivity relationships, understanding the performance of monocultures over time is of critical importance for interpreting biodiversity effects in plant communities. Long-standing agricultural knowledge suggests that a single plant species is likely to decline in its yield if grown in monoculture at the same site for multiple years [@pone.0075599-Burdon1], [@pone.0075599-Mundt1]. Obviously, plants have the potential to influence the biotic or abiotic conditions they experience. For example, plants may change the soil in which they grow for the worse by an imbalanced depletion of resources [@pone.0075599-Schenk1], the release of toxic compounds [@pone.0075599-Singh1], [@pone.0075599-Bonanomi1] or the accumulation of soil-borne pathogens over time [@pone.0075599-Petermann1], [@pone.0075599-VanderPutten1], [@pone.0075599-Diez1], [@pone.0075599-Schnitzer1], [@pone.0075599-Mordecai1], [@pone.0075599-Maron1]. Such interactions are also known as negative plant--soil feedbacks [@pone.0075599-Bonanomi1], [@pone.0075599-Petermann1], [@pone.0075599-Casper1], [@pone.0075599-VanderHeijden1], [@pone.0075599-Bever1], [@pone.0075599-BarteltRyser1], [@pone.0075599-vanderPutten1]. Similarly, host-specific foliar pathogens may accumulate in monocultures if they respond positively to host density [@pone.0075599-Mitchell1]. Therefore, it is conceivable that positive plant species richness--productivity relationships are largely due to negative feedbacks in monocultures and low-diversity mixtures rather than to complementary resource-use among species in high-diversity mixtures [@pone.0075599-Petermann1], [@pone.0075599-Schnitzer1], [@pone.0075599-Maron1], [@pone.0075599-vanderPutten1], [@pone.0075599-Mwangi1], [@pone.0075599-Hendriks1], [@pone.0075599-Kulmatiski1]. On the other hand, some plant species have the potential to improve the conditions of their environment, possibly by accumulating beneficial soil biota [@pone.0075599-Wagg1], [@pone.0075599-Latz1]. Such positive plant--soil feedbacks have mainly been studied in the context of plant invasions (see e.g. [@pone.0075599-delaPena1], [@pone.0075599-Klironomos1], [@pone.0075599-Suding1]).

Interestingly, monoculture performance over time has rarely been studied in the context of biodiversity--ecosystem functioning relationships. Some previous studies conducted in biodiversity experiments compared the performance of particular species, but this was mostly done only at a single point in time (e.g. in monoculture: [@pone.0075599-Hector1], [@pone.0075599-Heisse1], across a diversity gradient: [@pone.0075599-Hector1], [@pone.0075599-Dimitrakopoulos1], [@pone.0075599-HilleRisLambers1], [@pone.0075599-Roscher1], [@pone.0075599-Troumbis1], [@pone.0075599-VanRuijven2], [@pone.0075599-Tilman2], [@pone.0075599-Marquard1], [@pone.0075599-Roscher2]). Where biodiversity experiments were used to compare the performance of species over multiple years the focus was usually on the biodiversity--stability relationship [@pone.0075599-Allan1], [@pone.0075599-Isbell1], [@pone.0075599-VanRuijven3], [@pone.0075599-Roscher3]. To our knowledge, no study has so far explicitly addressed the question how much a potential decline of plant monocultures over time contributes to the common phenomenon of overyielding mixtures in biodiversity experiments.

Here, we present a detailed analysis of the temporal dynamics in aboveground biomass production ("productivity") that occurred over a period of 9 years in monocultures of 60 different grassland species belonging to a large scale biodiversity experiment (Jena Experiment). Given the continuous nutrient export caused by regular mowing, a general decline of plant biomass was expected in the Jena Experiment. Therefore, we could not assess the performance of our monocultures in absolute terms. Instead, we compared the performance of our plant species in monoculture to the performance of populations of the same species within plant mixtures of the same experiment.

Specifically, we tested the following hypotheses:

1.  Monocultures produce on average less aboveground community biomass than plant mixtures, due to imbalanced resource depletion and/or the accumulation of detrimental agents such as pathogens or toxins (all these mechanisms are referred to as "negative feedbacks" hereafter) and the lack of mechanisms such as complementary resource-use, facilitation or sampling in monocultures. This results in a positive net biodiversity effect.

2.  On average, individual plant species' populations produce less aboveground biomass when growing in monocultures than when growing in mixtures.

3.  Over time, the productivity of individual species' populations decreases comparatively more in monoculture than in mixture as all plots suffer from nutrient export but monocultures suffer additionally from negative feedbacks. At the species level, relative biomass change rates are therefore less positive or more negative in monocultures than in mixtures.

4.  The net biodiversity effect measuring the difference between monocultures and mixtures increases over time due to a gradual augmentation of positive multi-species interactions such as complementary resource-use or facilitation in mixtures as well as negative feedbacks in monocultures that lead to their deterioration. Over time, the deterioration of monocultures becomes increasingly important for explaining positive changes in the net biodiversity effect.

Methods {#s2}
=======

Ethics Statement {#s2a}
----------------

All samples were taken on the field site of the Jena Experiment. This field site is a former arable land which the research group (represented by the University of Jena) rented from the land owner for the duration of the research grant. The land owner gave the permission to conduct this study on this site. No specific permissions were required for the field work and the data collection that the current manuscript is based on. The field studies did not involve endangered or protected species.

Field Site and Biomass Sampling {#s2b}
-------------------------------

The Jena Experiment is a grassland biodiversity experiment located in the floodplain of the river Saale near Jena, Germany (50°55′ N, 11°35′ E, 130 m above see level). The experiment was established on a former arable field with loamy soil (Eutric Fluvisol) that had received high fertilizer inputs for about four decades. In May 2002, 198 experimental plant communities containing 1, 2, 4, 8, or 16 species were sown (1000 viable seeds/m^2^). The field site had been kept fallow in the year before sowing, harrowed bimonthly, and treated with glyphosate (Roundup, Monsanto, St. Louis, Missouri, USA) in July 2001. Plot size was either 3.5×3.5 m (120 small monocultures during 2003--2007, reduced to 69 plots in 2008; i.e. two replicates per species during 2003--2007 and one replicate per species during 2008--2011; for nine of our species that were also part of another experiment not reported here, we kept the two replicates until 2011) or 20×20 m (16 large monocultures and 62 mixtures with 2--16 species). The small plots were downsized from 3.5×3.5 m to 1×1 m in 2009 and the large plots were downsized from 20×20 m to 6×6 m in 2010. The species pool composed for this experiment contained 60 common Central European grassland species typical for the regional alluvial plains. Based on a cluster analysis of ecological and morphological traits, these species had been assigned to four functional groups prior to the set-up of the experiment. According to this clustering, the species pool was composed of 16 grasses, 12 small herbs, 20 tall herbs, and 12 legumes. Species composition of each large plot was determined by a constrained random draw from the species pool. Constrains were imposed to combine the gradient in plant species richness with a gradient in the number of functional groups as orthogonally as possible. In mixtures, all species were sown with equal proportions. Plots were not fertilized but mown and weeded twice a year. The field site was divided into four blocks, to account for gradually changing characteristics of the floodplain soil. Each block contained four large plots of the species richness levels 1, 2, 4 and 8, three or four 16-species mixtures and 30 monocultures of small plot size. As such, all 60 species were present in small monoculture plots (twice until 2008) and a random subsample of 16 species (four per functional group) was present in large monoculture plots. For more details about the design, establishment and maintenance of the Jena Experiment, see Roscher et al. [@pone.0075599-Roscher4] and [Fig. S1](#pone.0075599.s001){ref-type="supplementary-material"}.

From 2003--2011, aboveground plant biomass was harvested on all experimental plots twice per year (in late May and in late August). For all harvests, the vegetation was clipped at 3 cm above ground in four (2003--2004, August 2005, 2006--2007), three (May 2005, 2008--2009) or two (2010--2011) randomly placed sampling frames of 0.2×0.5 m per large plot and in two (2003--2009) or one (2010--1011) randomly placed sampling frame(s) of 0.2×0.5 m per small monoculture. The harvested biomass was sorted into species and dried at 70°C for at least 48 h. Part of these data (2003--2008) and more detailed information about data collection have been published by Weigelt et al. [@pone.0075599-Weigelt1].

Data Analysis {#s2c}
-------------

As a measure of aboveground productivity of our experimental communities and their component species we used the peak standing biomass harvested in May (averaged across all sampling frames per plot). We assessed whether, on average, positive biodiversity effects occurred and whether they increased over time by plotting the median community biomass as well as the median net biodiversity effect (see below) per species richness level over time ([Fig. 1](#pone-0075599-g001){ref-type="fig"}).

![Aboveground community biomass (A) and net biodiversity effect (B) during 2003--2011.\
Symbols indicate medians per species richness level ±1 standard error (in A, "o" indicates monocultures of small plot size). Symbols were slightly jittered to improve visualization.](pone.0075599.g001){#pone-0075599-g001}

To analyse differences in aboveground productivity and in temporal biomass dynamics between monocultures and mixtures at the species level we plotted the biomasses of the individual species' populations against time ([Fig. 2](#pone-0075599-g002){ref-type="fig"}). For this direct comparison of yields of the individual species' populations in monocultures and mixtures, we multiplied the species specific biomasses by the number of species that was sown into the plot on which the respective biomass was measured to correct for differences in the amounts of seeds originally used per species at the different species richness levels. A constant (0.005) was added to the resulting biomass data (corrected for sown diversity) which was then log-transformed (base 10) to improve the residual distribution.

![Temporal trends in species specific biomass during 2003--2011.\
Filled circles and solid lines indicate monocultures, crosses and broken lines indicate mixtures. Bold letters indicate less positive or more negative slopes for the regression lines across the monoculture populations than for the regression lines across the mixture populations of a particular species. Species are listed in alphabetical order; the numbers are used for their identification in Fig. 3.](pone.0075599.g002){#pone-0075599-g002}

Furthermore, we calculated relative biomass change rates (RBR) for each species in each experimental community as follows:where Y~ij~ = the biomass of species i (in g/m^2^) in community j.

This metric had the advantage of being independent of sown diversity. We tested for changes in the species' specific productivity and in RBR over time as well as for differences between monocultures and mixtures by fitting linear mixed-effects models. For each response variable (productivity and RBR) we first determined an appropriate random effects structure by comparing models with the same fixed effects, namely the monoculture-mixture contrast (MMC), the time passed since plants were sown (time), and the interaction of these two terms (MMC×time), using restricted maximum likelihood estimation. The selected random effects structure included main effects of species and harvest event (time as factor), and variable slopes for species over time. For productivity, it also included the main effect of plot as well as the interaction between MMC and time. In a second step we compared models with different fixed effects structures (built from MMC, time, and their interaction) using maximum likelihood estimation. The resulting models were compared on the basis of the Akaike information criterion, AIC, and significance was determined using likelihood ratio tests of nested models. A summary of the results of these analyses for productivity and RBR at the species level is given in [Table 1](#pone-0075599-t001){ref-type="table"}. The more detailed outputs obtained by fitting the selected models to the data (including the variance components for the random terms and the estimates for the fixed terms) are given in [Table S1](#pone.0075599.s003){ref-type="supplementary-material"} for productivity and in [Table S2](#pone.0075599.s004){ref-type="supplementary-material"} for RBR. For productivity, the data and the model output are visualized in [Fig. S2](#pone.0075599.s002){ref-type="supplementary-material"}.

10.1371/journal.pone.0075599.t001

###### Summary of statistical models[1](#nt101){ref-type="table-fn"} for aboveground biomass and relative biomass change rates of individual species' populations during 2003--2011, testing for changes over time and differences between monocultures and mixtures.

![](pone.0075599.t001){#pone-0075599-t001-1}

  Aboveground biomass (productivity)           Biomass change rates (RBR)                                                                                                        
  ------------------------------------------- ---------------------------- ------- ------ --- ------------------------------------------ ----------------- --- ------- ----- --- --------
  Nullmodel[3](#nt105){ref-type="table-fn"}                14               17337                                                            Nullmodel      6   14208            
  Time linear                                              15               17328   11.5   1                 0.001\*\*\*                    Time linear     7   14210   0.3   1   0.565
  MMC[4](#nt106){ref-type="table-fn"}                      15               17331   8.3    1   0.004[\*\*](#nt103){ref-type="table-fn"}         MMC         7   14207   3.4   1   0.066.
  Time linear+MMC                                          16               17321   8.8    1   0.003[\*\*](#nt103){ref-type="table-fn"}   Time linear+MMC   8   14209   3.4   1   0.064.
  Time linear×MMC                                          17               17320   3.0    1                    0.085.                    Time linear×MMC   9   14209   1.3   1   0.263

Linear mixed effects models fitted by the lme4-package of the statistical software R, see Methods and [Tables S1](#pone.0075599.s003){ref-type="supplementary-material"} and [S2](#pone.0075599.s004){ref-type="supplementary-material"} for details. Models were fitted by stepwise inclusion of variables and p-values were inferred by their hierarchical comparison.

DF = model degrees of freedom, AIC = Akaike information criterion; Chisq = chi-square statistic; df = degrees of freedom required for estimating parameters, Pr(\>Chisq) = associated p-value. Significance is given with \*\*\* = p\<0.001;

 = p\<0.01;

 = p\<0.05; . = p\<0.1.

The Nullmodel fitted an intercept, only.

MMC = Monoculture-Mixture-Contrast.

For every year, we calculated the net biodiversity effect for every experimental community as the difference between its observed yield (i.e., the biomass measured at the community level) and its expected yield (i.e., the average of the reference monoculture yields of the composing species, see also [@pone.0075599-Loreau1]), using the following formula:where NE~j~ = net biodiversity effect of a particular multi-species community j; Ymix~ij~ = the biomass of species i (in g/m^2^) in community j; Ymono~i~ = the biomass of species i (in g/m^2^) in its reference monoculture(s) (when two small plots were maintained for a particular species, their yields were averaged to obtain a single reference per species per year); and SR~j~ = the number of species within j. We excluded three outliers from the data set (two net biodiversity effect values from 2005 and one from 2006, as described by Marquard et al. [@pone.0075599-Marquard2]).

To evaluate the temporal trends in the mean net biodiversity effect and whether the assumed positive changes were increasingly driven by species with deteriorating monocultures but productive populations in plant mixtures we calculated mean annual differences in the net biodiversity effect (averages across all mixtures, dNE) and analyzed how they were impacted by mean annual changes in the monoculture yield of a species (i.e., more precisely, in the expected yield of the species, Δ ŶE~i~) and mean annual changes in the mixture yield of the same species (i.e., in the terminology used here, in the observed yield of the species, Δ ŶO~i~; see [Fig. 3](#pone-0075599-g003){ref-type="fig"}). These metrics were calculated as follows: where Δ YE~ij~ = the annual difference in the expected yield of species i (in g/m^2^) in community j, Δ YO~ij~ = the annual difference in the observed yield of species i (in g/m^2^) in community j, Ymono~i~ = (the average of) the biomass of species i (in g/m^2^) in its reference monoculture(s), Ymix~ij~ = the biomass of species i (in g/m^2^) in community j, and SR~j~ = the number of species within j. For every annual time interval, we calculated the contributions of the individual species to changes in the net biodiversity effect of a particular plot (SC~ij~) as follows

![Mean yearly changes in monoculture biomass over mean yearly changes in mixture biomass per species.\
The panels show annual time intervals during 2003--2011 (as indicated in the lower right of each panel). The values on the x-axis equal Δ ŶE~i~ = mean changes in the expected yield of a species (monoculture yield divided by species richness); the values on the y-axis equal Δ ŶO~i~ = mean changes in the observed yield of a species (mixture yield; see Methods). A point falling on the solid vertical line indicates that a species has not changed in its expected yield (i.e., in monoculture) during the respective time interval. A point falling on the solid horizontal line indicates that a species has not changed in its observed yield (i.e., in mixture) during the respective time interval. A point falling below the broken diagonal line contributed to a decline and a point falling above the broken diagonal line contributed to an increase in the net biodiversity effect. The perpendicular distance of a point to the diagonal equals the contribution of a particular species to the change in the net biodiversity effect (see [Table 2](#pone-0075599-t002){ref-type="table"}). The small numbers next to the symbols correspond to the species numbers in Fig. 2 and [Table 2](#pone-0075599-t002){ref-type="table"} and reveal the identity of the six species with the largest positive or negative contributions to changes in the net biodiversity effect. "dNE" indicates the absolute change in the net biodiversity effect (in g/m^2^) during the respective time interval. Note the square-root scale of the axes. The two most extreme values are not displayed to allow for a better scaling. These are the values for *O. viciifolia* during the time intervals 2005/2006 and 2007/2008. They are given in [Table 2](#pone-0075599-t002){ref-type="table"} (non-transformed); the contribution of *O. viciifolia* to dNE was 60.9 g/m^2^ during 2005/2006 and −106.4 g/m^2^ during 2007/2008.](pone.0075599.g003){#pone-0075599-g003}

As such, we obtained positive SC~ij~-values when the annual difference in the observed yield was more positive or less negative than the annual difference in the expected yield of species i and negative SC~ij~-values when the annual difference in the observed yield was less positive or more negative than the annual difference in the expected yield of species i.

The sum of SC~ij~-values per plot j amounted to the annual change in the net biodiversity effect of the respective plant community.

For Δ YE~ij~, Δ YO~ij~ and SC~ij~, we calculated average values per species (per annual time interval: Δ ŶE~i~, Δ ŶO~i~ and ŜC~i~) and weighted them according to the proportion of plots on which species i was sown: where N~i~ = the number of experimental plots containing species i, and p~i~ = the proportion of plots into which species i was sown (i.e., the number of experimental plots containing species i divided by the total number of plots). Correcting the average values per species by p~i~ was necessary to enable an analysis at the species level (instead of the plot level).

For the sake of analysing the effects of Δ ŶE~i~ and Δ ŶO~i~ on annual changes in the mean net biodiversity effect graphically, these values were square-root transformed (and the negative sign was remained if the change was negative) and two extreme data points were excluded. This allowed for a better separation of data points (see [Fig. 3](#pone-0075599-g003){ref-type="fig"}).

Results {#s3}
=======

Trends in Total Community Biomass {#s3a}
---------------------------------

As a general trend, mean aboveground community biomass declined during our observation period in mixtures (from a maximum of 497 g/m^2^ in 2003 to a minimum of 141 g/m^2^ in 2010, median values computed across all multi-species plots) as well as in monocultures (from a maximum of 262 g/m^2^ in 2003 to a minimum of 0.11 g/m^2^ in 2011, median values computed across all monoculture plots; see [Fig. 1A](#pone-0075599-g001){ref-type="fig"}). The mean net biodiversity effect ranged from a maximum of 217 g/m^2^ in 2007 to a minimum of 64 g/m^2^ in 2010 (median values computed across all multi-species plots) and did not increase linearly over time ([Fig. 1B](#pone-0075599-g001){ref-type="fig"}). Aboveground biomass as well as the net biodiversity effect were positively affected by species richness ([Fig. 1A](#pone-0075599-g001){ref-type="fig"} and [Fig. 1B](#pone-0075599-g001){ref-type="fig"}; see also [@pone.0075599-Marquard2] for the period 2003--2007).

Trends in Individual Species' Populations {#s3b}
-----------------------------------------

At the species level, there was considerable variation in aboveground biomass production across species, communities and years ([Fig. 2](#pone-0075599-g002){ref-type="fig"} and [Fig. S2](#pone.0075599.s002){ref-type="supplementary-material"}). On average, the individual species' populations produced slightly, but significantly, more (10^0.632^ = 4.3 g/m^2^) biomass when growing in monoculture than when growing in mixture (see [Table 1](#pone-0075599-t001){ref-type="table"} and [Table S1](#pone.0075599.s003){ref-type="supplementary-material"}: estimates for the fixed effect MMC; see also [Fig. S2](#pone.0075599.s002){ref-type="supplementary-material"}). Over time, the productivity of individual species' populations in monoculture and mixture declined with marginally significantly different slopes (monoculture slope: 10^(−0.086+(−0.049))^ = 0.7, mixture slope: 10^−0.086^ = 0.8, translating into a 30% or 20% decline per year in monocultures and mixtures, respectively; see [Table 1](#pone-0075599-t001){ref-type="table"} and [Table S1](#pone.0075599.s003){ref-type="supplementary-material"}: estimates for the fixed effects time linear and time linear×MMC; see also [Fig. S2](#pone.0075599.s002){ref-type="supplementary-material"}). Consistent with these results and the biomass dynamics shown in [Fig. 1](#pone-0075599-g001){ref-type="fig"} and [Fig. 2](#pone-0075599-g002){ref-type="fig"}, the relative biomass change rates (RBR) of the individual species' populations were on average negative and marginally significantly different between monocultures (−0.069+(−0.083) = −0.152) and mixtures (−0.069; see [Table 1](#pone-0075599-t001){ref-type="table"} and [Table S2](#pone.0075599.s004){ref-type="supplementary-material"}: estimates for the intercept and MMC).

Effects of Trends in Individual Species' Populations on Community Net Biodiversity Effects {#s3c}
------------------------------------------------------------------------------------------

Positive annual changes in the mean net biodiversity effect did not predominantly or increasingly result from species proliferating in mixtures but deteriorating in monoculture (see [Fig. 3](#pone-0075599-g003){ref-type="fig"}, where the symbols representing the individual species are never predominantly or increasingly found in the second quadrant at the top left). Instead, we observed a large variation in biomass dynamics across species over nearly the entire study period (see the symbols scattering widely across all quadrants in most panels of [Fig. 3](#pone-0075599-g003){ref-type="fig"}; see also [Fig. 2](#pone-0075599-g002){ref-type="fig"} and the large variance component attributed to species in [Table S1](#pone.0075599.s003){ref-type="supplementary-material"}). The strong decline among monocultures during 2004--2005 shown in [Fig. 1](#pone-0075599-g001){ref-type="fig"} is clearly reflected in the second panel of [Fig. 3](#pone-0075599-g003){ref-type="fig"} (the majority of symbols fall in the second and third quadrant). However, during that same time period, many species performed even worse in mixtures than in monocultures (see points below the broken diagonal in [Fig. 3](#pone-0075599-g003){ref-type="fig"}) which, overall, resulted in a decreasing mean net biodiversity effect. During all other time intervals, the large variation in species' behaviour shown in [Fig. 3](#pone-0075599-g003){ref-type="fig"} (wide scatter of symbols, relatively evenly distributed above and below the broken diagonal during most time intervals) suggested that the overall negative trends in yields shown in [Fig. 1A](#pone-0075599-g001){ref-type="fig"} as well as the fluctuation in the mean net biodiversity effect shown in [Fig. 1B](#pone-0075599-g001){ref-type="fig"} were driven by a subset of the species, only.

No species had a continuously positive or negative impact on the net biodiversity effect across the entire study period ([Table 2](#pone-0075599-t002){ref-type="table"}). Nor did any of the species impact the net biodiversity effect consistently towards the direction of its overall mean ([Table 2](#pone-0075599-t002){ref-type="table"}, exception: *Cardamine pratensis*, but its contributions to changes in the mean net biodiversity effect were zero during four out of eight time intervals due to very low abundances or its local extinction). Two species had particularly strong impacts on the net biodiversity effect: the perennial legume *Onobrychis viciifolia* (among the three most influential species during all time intervals) and the perennial small herb *Plantago lanceolata* (among the three most influential species in six out of eight time intervals). However, the direction of their impact was not persistent but switched between positive and negative. While the impact of *O. viciifolia* was mainly in the same direction as the mean changes in the net biodiversity effect, this was not true for *P. lanceolata* (compare [Fig. 1B](#pone-0075599-g001){ref-type="fig"} and [Table 2](#pone-0075599-t002){ref-type="table"}). Thus, besides *O. viciifolia* and *P. lanceolata*, a varying set of species exerted strong effects on the mean net biodiversity effect. They either enhanced or weakened the mean trend in the net biodiversity effect during a particular annual time interval.

10.1371/journal.pone.0075599.t002

###### Mean contributions of the individual species to mean annual changes in the net biodiversity effect (ŜC~i~) during 2003--2011.

![](pone.0075599.t002){#pone-0075599-t002-2}

  No.              Species            ŜC~i~ [1](#nt107){ref-type="table-fn"} ~03/04~     ŜC~i~ ~04/05~      ŜC~i~ ~05/06~      ŜC~i~ ~06/07~       ŜC~i~ ~07/08~       ŜC~i~ ~08/09~       ŜC~i~ ~09/10~      ŜC~i~ ~10/11~
  ------ --------------------------- ------------------------------------------------ ------------------- ------------------ ------------------ -------------------- ------------------ ------------------- ------------------
  *1*      *Achillea millefolium*                         −3.24                              −7.12              −1.19               −1.5               −1.97                1.01               −0.29               0.61
  *2*          *Ajuga reptans*                             0.05                              −0.12               0.34              −0.04                0.58               −0.18               −0.39               0.23
  *3*      *Alopecurus pratensis*                       **11.09**                            −8.19         **−** ***5.56***        −2.17               −4.69               −0.39               0.09               −1.24
  *4*      *Anthoxanthum odoratum*                        −0.51                               3.4                −1.8               0.23                1.91                0.7                −0.81               0.32
  *5*      *Anthriscus sylvestris*                        −7.12                              3.27               −1.61               6.99               −0.54               −0.81                0.1               −0.75
  *6*      *Arrhenatherum elatius*                         2.29                        **−** ***25.4***          1.23               3.95               −3.33                0.53             **2.61**              2.32
  *7*        *Avenula pubescens*                           3.27                              −0.39               2.67         **−** ***2.47***          0.83                0.76               −0.77               2.17
  *8*         *Bellis perennis*                            0.55                              −0.55              −0.02               0.04               −0.11                0.2                −0.13               0.14
  *9*         *Bromus erectus*                             2.93                            **9.26**              −1.8            **12.46**             −5.26                3.06               −3.53               6.8
  *10*       *Bromus hordeaceus*                          −2.45                              3.19                0.32              −0.21               −0.31                2.43               −0.83               0.8
  *11*       *Campanula patula*                            7.92                              −1.03               0.93              −0.07                0.04               −0.06               0.42               −0.43
  *12*      *Cardamine pratensis*                           0                                  0                  0                 0.07               −0.07                0.36               −0.36                0
  *13*          *Carum carvi*                              2.36                              −0.12               0.3               −0.03               −0.36               −0.12               0.09                0.35
  *14*        *Centaurea jacea*                            1.49                              −2.6               −0.37               0.83               −1.04               −0.47               −0.87               0.29
  *15*       *Cirsium oleraceum*                          −0.82                              −0.02               0.23              −0.12                0.27               −0.17               −0.16               0.07
  *16*        *Crepis biennis*                      **−** ***14.08***                      **14.72**            −4.78               3.26               −6.26                3.07               −3.1               −1.08
  *17*      *Cynosurus cristatus*                          −0.7                              0.23                0.76              −0.01                0.03                 0                   0                  0
  *18*      *Dactylis glomerata*                          −1.88                              −2.23               1.62               2.39               −3.45               −0.96               0.09               −0.54
  *19*         *Daucus carota*                            −2.44                              −1.37               3.73              −0.37               −1.32                0.04               −1.69               1.76
  *20*       *Festuca pratensis*                           4.68                              3.85          **−** ***5.76***        −0.22                0.65               −3.36             **2.62**            **7.96**
  *21*         *Festuca rubra*                            −0.75                              −1.1               −0.47               3.67                −7.8              **4.73**             −1.04              −1.12
  *22*        *Galium mollugo*                             1.58                              2.36               −0.07               7.24               −1.67          **−** ***3.93***         0.39               −0.78
  *23*       *Geranium pratense*                          −1.46                              1.33               −0.09               3.22                1.82                1.04               −1.36         **−** ***2.73***
  *24*      *Glechoma hederacea*                           0.91                              0.62                0.19              −0.35               −0.21                1.33               −1.67               0.42
  *25*     *Heracleum sphondylium*                        −1.42                              −0.38              −0.53               3.97                1.46                3.04               −3.47               1.88
  *26*        *Holcus lanatus*                            −3.86                              2.59                −0.8              −0.12                0.43                1.28               0.92                0.06
  *27*       *Knautia arvensis*                         **26.48**                           −15.63              −2.41               1.31               −4.09               −0.15         **−** ***7.91***          2.21
  *28*      *Lathyrus pratensis*                          −0.27                              1.43             **16.78**       **−** ***8.06***         −2.13                1.31               −3.76         **−** ***2.22***
  *29*     *Leontodon autumnalis*                         −0.33                              0.51               −0.35               0.19               −1.05                0.97               0.04                −0.1
  *30*      *Leontodon hispidus*                           1.08                              1.62                1.72               0.97                0.54                1.5                −2.7                0.38
  *31*     *Leucanthemum vulgare*                          3.22                              −9.35              −5.42         **−** ***4.06***         −7.08              **4.6**              −4.67               5.51
  *32*      *Lotus corniculatus*                          −3.43                            **7.65**              2.78               0.07               −3.73               −0.07               −1.14               1.22
  *33*       *Luzula campestris*                            0                                  0                  0                 0.11                0.91               −1.11               0.34                −0.1
  *34*       *Medicago lupulina*                          −1.28                              0.86                0.66              −1.21               −0.01                1.33               −1.42               1.03
  *35*       *Medicago x varia*                            3.06                              6.45               −4.05               1.82         **−** ***13.57***          1.14               −1.85               5.22
  *36*     *Onobrychis viciifolia*                       **19.6**                      **−** ***24.8***       **60.89**           **9.97**       **−** ***106.35***      **23.36**       **−** ***13.82***   **−** ***7.68***
  *37*       *Pastinaca sativa*                            0.22                              −0.11               0.02               0.5                −0.12               −0.24               0.75               −0.31
  *38*        *Phleum pratense*                            9.37                        **−** ***15.65***   **−** ***8.77***        −1.99               −1.34                1.38               −0.68               1.53
  *39*       *Pimpinella major*                            0.21                              0.46                0.15               0.2                −0.02                0.71               −0.55               1.47
  *40*      *Plantago lanceolata*                   **−** ***20.91***                        −4.96               2.12            **10.08**            **4.82**        **−** ***7.75***   **−** ***5.77***        **7.31**
  *41*        *Plantago media*                             1.66                              6.93                3.72               2.3               **5.62**             −0.99               −1.18               0.15
  *42*         *Poa pratensis*                             1.11                              1.27               −0.21              −0.94                1.44               −0.69               0.01               −0.12
  *43*         *Poa trivialis*                            −8.21                              1.35                −1.1               5.56                1.97               −3.18               −1.46              −0.75
  *44*         *Primula veris*                             0.17                              −4.24               1.24               3.35                1.74                1.46               −0.94               1.48
  *45*       *Prunella vulgaris*                           5.83                              3.49               −2.66               −0.1                0.44                0.14               −0.38              −0.02
  *46*       *Ranunculus acris*                            4.09                              2.64               −1.53              −1.69                0.69                0.55               1.31               −0.12
  *47*       *Ranunculus repens*                          −2.32                              1.34               −1.76               0.53                0.11                1.01             **4.23**             −1.38
  *48*         *Rumex acetosa*                             0.36                              −1.03               1.18              −0.97                3.21          **−** ***3.86***         −0.28              −0.48
  *49*    *Sanguisorba officinalis*                       −1.26                              −0.84               4.06              −1.11               −0.74                3.12               −2.61               1.2
  *50*     *Taraxacum officinale*                          −0.8                              −1.76              −3.51               1.71                4.15               −2.05               −0.82              −1.65
  *51*     *Tragopogon pratensis*                         −3.85                              0.74               −0.27               0.46                0.31               −0.94               0.11                0.32
  *52*      *Trifolium campestre*                          0.11                              −0.1                0.69               0.19                3.98               −2.29               −1.19              −1.08
  *53*       *Trifolium dubium*                            0.24                              −0.01               −0.1              −1.55                0.36                1.27               −1.15               −0.3
  *54*     *Trifolium fragiferum*                          −0.1                              −0.48              −2.02               6.37               −7.51                4.43               −0.91               0.73
  *55*      *Trifolium hybridum*                    **−** ***14.58***                        −4.36               4.09              −0.23               −3.82               −0.05               0.21               −0.85
  *56*      *Trifolium pratense*                          −6.32                              −6.99             **5.93**             5.44         **−** ***10.83***          0.74               −1.04             **8.77**
  *57*       *Trifolium repens*                           −2.23                              −1.81               2.01               2.92               −5.32                3.01               −2.59               1.6
  *58*      *Trisetum flavescens*                          3.52                              7.28               −5.25              −2.25              **7.99**             −2.51               −3.63               1.54
  *59*      *Veronica chamaedrys*                          0.63                              2.08                2.42               0.53                2.16               −1.24               −3.1               −0.24
  *60*         *Vicia cracca*                             −0.96                              −0.98               0.52               0.42                0.07               −0.81               0.16               −0.38

ŜC~i~ = mean annual contributions of the individual species to mean annual changes in the net biodiversity effect (in g/m^2^). Values were scaled according to the proportion of plots on which the species were sown (see Methods). Species are listed in alphabetical order.

Bold numbers indicate the three species with the highest positive contributions and numbers in bold italics indicate the three species with the most negative contributions within a particular year. These six species with the most extreme values have marked data points in [Fig. 3](#pone-0075599-g003){ref-type="fig"}.

Discussion {#s4}
==========

As suggested by a wealth of studies on plant species richness--productivity relationships and in line with our first hypothesis, the monocultures of our experiment yielded on average less community biomass per unit area than the plant mixtures. Positive effects of species richness on aboveground community biomass and on the net biodiversity effect have previously been described for the Jena Experiment (see [@pone.0075599-Roscher5] for results on the May harvest in 2003; [@pone.0075599-Allan1] for results on the May harvests from 2003--2009; and [@pone.0075599-Marquard2] for results on annual biomass data from 2003--2007). However, these publications either focused on the impact of different aspects of plant diversity on biomass production and did not study the role or the behaviour of individual species [@pone.0075599-Marquard2], [@pone.0075599-Roscher5], or analysed the role of functional turnover for the maintenance of high biomass production [@pone.0075599-Allan1]. Here, we focused on the differences in temporal biomass dynamics between monocultures and mixtures and evaluated whether deteriorating monocultures were a considerable driver for positive biodiversity effects persisting over time.

Building upon recent findings on negative plant--soil feedbacks [@pone.0075599-Petermann1], [@pone.0075599-Schnitzer1], [@pone.0075599-Maron1], [@pone.0075599-Casper1], [@pone.0075599-Hendriks1], [@pone.0075599-Bell1], [@pone.0075599-Kulmatiski2] we expected that species in monocultures would suffer from additional growth-limiting factors compared to those in mixtures. For example, monocultures are generally regarded as being particularly prone to deplete resources unsustainably and to accumulate detrimental agents such as pathogens or toxins over time. Therefore, plant species should produce less biomass in monocultures than in mixtures and this difference should increase with time. Interestingly, we found that individual species' populations were on average slightly more productive when experiencing only intra-specific competition than when experiencing inter-specific competition. Furthermore, we did not find evidence for a particularly strong and consistent deterioration of monocultures over time. Instead, high and low biomasses were harvested regularly for monocultures as well as for mixture populations and, on average, the productivity of both declined at a rate that was only slightly, but marginally significantly, different (see [Fig. 2](#pone-0075599-g002){ref-type="fig"} and [Fig. S2](#pone.0075599.s002){ref-type="supplementary-material"}). These findings contradicted our second and third hypotheses and suggest that mechanisms that disadvantage monocultures (such as negative feedbacks) were less common than expected or more variable over time. They may also have been partly balanced by positive feedbacks which were recently hypothesised to be more prominent in nature than recognised so far [@pone.0075599-vanderPutten1]. Furthermore, the mean net biodiversity effect did not increase steadily over time and was not predominately or increasingly driven by the deterioration of our reference monocultures (hypothesis four). Instead, the mean net biodiversity effect was always the result of a wide range of species behaviours (see [Fig. 1B](#pone-0075599-g001){ref-type="fig"} and [Fig. 3](#pone-0075599-g003){ref-type="fig"}).

However, the marginally significant differences in the slopes of the productivity curves as well as in relative biomass change rates (RBR) may still reveal ecologically significant information, given the high number of species included here and the naturally large differences between them [@pone.0075599-Toft1]; namely that the individual species' populations do develop slightly differently over time, possibly indicating the occurrence of negative feedbacks within the plant monocultures. On average, over the 9 years of the study, such negative feedbacks did not affect our monocultures much more strongly than the individual species' populations were negatively affected by inter-specific competition in the multi-species environments. The small differences in the temporal dynamics observed between monoculture and mixture populations may, however, result in stronger evidence for negative feedbacks in monocultures in the long run. Generally, the temporal dynamics in aboveground productivity were very variable across species in monoculture as well as in mixture and a more focused analysis of a particular sub-set of species may deliver additional insights into the role of negative feedbacks on the development of our species. For example, we found that the difference in RBR between monocultures and mixtures was more significant (monocultures having a more negative RBR than mixtures) when we restricted our analysis to those species that were actually present in our biomass samples (i.e. to species that had biomasses \>0, results not shown). This corroborated our interpretation that monoculture populations were affected by factors decreasing their performance compared to those in mixtures over time, but that these factors were not yet strong enough to detect them unequivocally across a set of 60 different grassland species.

The mean net biodiversity effect was consistently positive and clearly demonstrated an average advantage of mixtures over monocultures at the community level that was much larger than the amount to which monocultures outcompeted mixtures at the population level (64--217 g/m^2^ as compared with 4.3 g/m^2^, see Results). This apparent discrepancy suggested that at any time, a small subset of our species profited greatly from growing within a multi-species situation. A strong overyielding of these species likely overcompensated for the lower average productivity of individual species' populations in mixture and thereby resulted in strong positive net biodiversity effects. We could only identify two species that had a strong impact on the magnitude of the net biodiversity effects during most of the years (*O. viciifolia* and *P. lanceolata*); the identity of the other influential species changed frequently over time. Such strong fluctuations in species abundance may be the result of growth rates being negatively frequency dependent [@pone.0075599-Chesson1]. Corroborating previous findings [@pone.0075599-Allan1], [@pone.0075599-Roscher3], these results suggested a substantial turnover in the species that drive the overyielding of plant mixtures in the Jena Experiment. We conclude that these driving species were few in one context, but variable across contexts, and that different mechanisms enhanced their productivity within the mixtures, including the more efficient partitioning of resources (complementarity) and other positive inter-specific interactions (such as facilitation).

Supporting Information {#s5}
======================

###### 

**Schematic view of the field site showing the location and arrangement of the plots.** Large squares symbolize the large monocultures (n = 16) and mixtures (n = 62), small squares symbolize the reference monocultures (n = 120). Small plots with grey borders were harvested until 2008. The different colour shading indicates the four blocks into which the field site was divided (see Methods for more details).

(TIF)

###### 

Click here for additional data file.

###### 

**Visualisation of model estimates for aboveground biomass data of individual species' populations during 2003--2011.** The data (corrected for sown diversity, 0.005 added, log10-transformed) is represented by symbols (grey: mixtures, black: monocultures); the bold lines indicate the overall intercepts and slopes as determined by the fixed part of the model (broken: mixtures, solid: monocultures). The p-value relates to the difference between the slopes of the regression lines (see the time linear×MMC interaction term in [Table 1](#pone-0075599-t001){ref-type="table"}).

(TIF)

###### 

Click here for additional data file.

###### 

**Results of variance components analysis for aboveground biomass (productivity) of individual species' populations during 2003--2011.**

(DOC)

###### 

Click here for additional data file.

###### 

**Results of variance components analysis for species specific relative biomass change rates (RBR) during 2003--2011.**

(DOC)

###### 

Click here for additional data file.
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